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Abstract 

In this paper, photonic crystal fiber was designed using COMSOL environment which adopts finite element method 

to determine the effective refractive index. Three types of materials 
2 6 3 4

(SiO ,SF ,and Si N ) were used for the fiber 

background and study the effect of air holes radius in the first ring on the properties of photonic crystal fiber. 

Controlling dispersion change is good in the case of silica, and the nonlinearity coefficients are higher in the case of 

3 4
Si N .The model achieves two values of zero-dispersion wavelengths for all cases. The sudden changes in the 

nonlinearity coefficient depend on the wavelength and the type of material used. 
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Introduction

Recently, photonic crystal fibers (PCFs) also known 

as holey fibers or micro structured optical fibers, 

are made up of a minute grid of air channels that 

form a low index cladding around an un doped 

silica core[1]. Have attracted interest in the fields of 

transmission fiber dispersion management, 

sensing, and telecom applications[2]. It has recently 

emerged as a viable contender, particularly as a 

dispersion compensator, because it allows us to 

modify dispersion qualities in ways that traditional 

fibers cannot. Different forms of PCF structures 

have already been proposed to correct for SMF 

dispersion [3,4]. 

PCF's design is extremely adaptable. Compared to 

standard optical fibers, photonic crystal fiber 

provides a number of advantages. Only a few of the 

advantages include single mode operation for 

extremely short working wavelengths, robust 

birefringence, tunable dispersion, single 

polarization single mode, maintaining single mode 

for large scale fiber, and regulating nonlinearity 

and effective mode area [5]. PCFs have 

outperformed its conventional step index fiber 

counterpart. This is due to the flexibility in the 

design of the structure, the material used and 

application. PCFs referred to as microstructures or 

holey fibers have received growing interest in 

recent years [6]. 

Photonic band gap guiding and refractive index 

guiding, which is based on total internal reflection, 

are the two types of light guiding mechanisms used 

in PCFs. The claddings of both band gap and index 

guiding PCFs are made up of air holes, however the 

core structure differs [7]. The refractive index 

contrast in solid core PCFs is accomplished by the 

placement of air holes in the cladding. To regulate 

optical features such as unending single mode, high 

birefringence, chromatic dispersion management, 

big mode area, high nonlinearity, and low 

confinement loss, PCFs have a variety of degrees of 

freedom and design flexibility [8]. Nonlinear optics, 

sensing, high-power technologies, and 

telecommunications are only a few of the 

applications enabled by these features [9,10]. 

The optical qualities can be accomplished by 

optimizing the shape, size, and location of the air 

holes [11]. 
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Dispersion is a measure of the optical pulse's 

temporal broadening and is one of the key causes of 

penalty for efficient optical signal transmission. In 

optical amplification, a PCF with strong 

Birefringence and negative dispersion correction is 

crucial because it preserves linear polarization and 

is beneficial for double Raman gains and sensing 

[12]. PCFs can be used to adjust for the positive 

dispersion parameter and dispersion slope with 

success. Additionally, near the communication 

wavelength, they can be made to exhibit 

ultranegative dispersion values [13]. 

The main objective of this paper is to analyze 

physical properties of the PCF to control dispersion 

and nonlinearity for different materials and 

different values of structural parameters varied 

over a wide range of wavelength. 

 

Model Design 

The proposed PCF consists of four rings of air holes, 

the central region (the core) is solid and the 

cladding is perforated. The first ring with a radius 

of 
1

d , and in it there are twelve holes with radii of 

1
a  placed at the angles 

1
/ 6, 0,1,2....n n   . The 

second ring with a radius of 
2

d , that contains 

fourteen holes with radii of 
2

a  placed at the angles 

2
/ 7, 0,1,2....n n   . The third ring with a 

radius of 
3

d  has sixteen holes with radii of 
3

a  

placed at the angles 
3

/ 8, 0,1,2....n n   . Also, 

the fourth ring has radius 
4

d , and in it there are 

sixteen holes with radii of 
4

a  placed at the angles 

4
/ 8, 0,1,2....n n   . The fiber background is 

composed of one material to be selected from the 

materials: 
2 6 3 4

SiO ,SF ,and Si N . 

Finally, the fiber is surrounded by an perfect 

matched layer (PML) in order to prevent scattering 

and reflections through the fiber region. Fig.(1a) 

obtains the cross section of the proposed model, 

while table(1) represents the parameter value of 

the proposed PCF. The wave equation through the 

PCF is solved to calculate the effective refractive 

index, where we adopt the finding of the 

fundamental mode for this purpose. Fig.(1b) 

illustrates the fundamental mode in the solid core 

region. 

 

Theoretical Formalism 

The refractive index (RI) within certain ranges of 

wavelengths of employed background 

2 6 3 4
(SiO ,SF ,Si N ) arevaried by Sellmeier’s 

equation as follows [14] 
2

2
1

( ) 1  
m

j

j j

A
n

B






 
   (1) 

where   is the wavelength of light in ( )m and the 

Sellmeier’s coefficients ' , 'A s B s  are shown in 

table(2). 

 

 

(a) 

 

 

(b) 

Fig.1. a) the proposed PCF design and b) the fundamental mode, where 

the fiber background is composed from one the materials 

2 6 3 4
SiO ,SF ,Si N and the holes are air 

 

Table2.Parameters of the suggested PCF 

parameter value parameter value 

PCF 

radius 
15 m  1

d  3 m  

1
a  (0.2,0.3,0.4) m  2

d  5.5 m  

2
a  0.2 m  3

d  7 m  
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3
a  0.2 m  4

d  11 m  

4
a  2 m  

PML 

thickness 
2 m  

The amplitude of an electromagnetic wave changes 

as it propagates in a particular direction, and the 

propagation constant is a measure of that change. 

The effective refractive index is related to the 

propagation constant as 
/

eff o
n k

 where 

2 /
o

k    is the propagation constant in 

vacuum. The propagation constant can be 

mathematically expressed as a Taylor series around 

o
w

 as [15] 

   2 3

1 2 3

1 1
( ) ( ) .... 

2 6
o o o o

w w w w w w w             (2) 

where  /
o

m w w
d dw 


 . The parameters 1



and 2
  (they are responsible for group velocity 

and group velocity dispersion, respectively) are 

related to the refractive index n(ω) and its 

derivatives through the relations 

1

1
                                        o eff

eff

d dn
n

dw c d

 


 
 

      

 

  (3a) 
3 2

1
2 2 2
=    

2

eff
d d n

dw c d

 


 
 

      

 
   (3b) 

 

Table1.Parameters of the selected media [16,17,18,19] 

material 

parameters 

SCHOTT glass

6SF  2SiO  3 4Si N  

1A  1.72448482 0.6961663 3.0249 

2A  0.390104889 0.4079426 40314 

3A  1.04572858 0.8974794 - 

2
1( )B m  0.013487195 0.0046791483 0.018317078 

2
2( )B m  0.05693181 0.0135120631 1537208.19 

2
3( )B m  118.557185 97.934002538 - 

2
2( / )n m W  19

2.1 10
  20

2.6 10
  18

1.4 10
  

Range of 

( )m   
0.365 – 2.5 0.21 – 6.7 0.31–  5.504 

 

In general, we obtain the following equation to 

determine the higher order dispersion parameters 
2

1 1=                
2

n n
n

d d
n= 3,4,....

dw c d

  
 

   (4) 

Here, the parameters ,  2,3,4,....
n

n  . The 

parameter n
  is responsible for the nth order of 

group velocity dispersion.  

Dispersion is a significant element that limits the 

amount of data that a fiber cable can carry. The 

presence of dispersion causes the pulse to 

propagate, resulting in intersymbol interference. It 

is divided into two types: Dispersions on both the 

intermodal and intramod.The first type is seen in 

multimode fiber. In single-mode fibers, the second 

type, often known as chromatic dispersion, is 

critical. The chromatic dispersion is a combination 

of material and waveguide dispersions [20].  

For optical communications, dispersion 

compensation, and nonlinear applications, PCF 

dispersion is a critical issue. The radius of holes, the 

radius of rings, the number of rings, and the 

distances between rings holes may all be changed 

to regulate the dispersion property of PCF. The link 

between the effective refractive index, and the 

wavelength can be found by solving the wave 

equation. As a result, we estimated the structure's 

second order chromatic dispersion as [21] 
2

22 2

{ }2
                                        

eff
d Re nc

D
c d

 
 

      (5) 

Here Re  refers to the real part of the effective 

index obtained from the simulation and c  is the 

velocity of light in vacuum. 

This PCF was designed using proper design 

parameters using COMSOL Multiphysics, which is 

based on FEM and PML conditions. The cross 

section of this PCF is divided into subspaces, and 

Maxwell equations are solved by finding the 

adjacent subspaces in order to establish its optical 

properties. The effective refractive index is 

determined by utilizing FEM to solve the eigenvalue 

issue derived from Maxwell's equations. [22] 
1 2 2

([ ]) [ ] 0 
o

s E k n s E
      (6) 

where E  is the electric field vector, [ ]s is the PML 

matrix, 
1

[ ]s


 is the inverse matrix of [ ]s , n  is the 

refractive index of the domain. 

Nonlinear coefficient is one of the most important 

parameters and has been defined as [23] 

2
2

                                        
eff

n

A




      (7) 

where eff
A is the effective area that provides a 

measure of the area covered effectively by a mode 

inside the fiber and 2
n  is the nonlinear refractive 
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indices of the material, as in table(2) for the 

present materials. The parameter eff
A is given by 

[23] 
2

2

4

( , )

                                        

( , )

eff

E x y dxdy

A

E x y dxdy

 

 
 

 

 
 
 
 

 
  (8) 

where E is the magnitude of electric field 

component that will determined  by solving an 

eigen value problem drawn from Maxwell's 

equations. 

 

Results and Discussion 

Fig.(2) shows the effective refractive index as a 

function of wavelength using three fiber 

background materials and three values of 1
a . It 

appears from the figure that silica has a semi-linear 

relationship and the appearance of curvature in the 

curves of other materials. A change of 1
a  causes a 

slight change in the case of silica and a smaller 

change in the other materials. In general, the curves 

decrease with an increase in 1
a  for all cases, and 

this is physically acceptable, since an increase in 1
a  

means an increase in the proportion of air in the 

section of the fiber. 

Fig.(3) represents the effective area of the pattern 

using the three materials as a background material 

for the fiber and adopting three values of 1
a . In the 

case of 1
0.2a m , the relationship is gradually 

increasing for all materials, in case 1
0.3a m  it 

remains gradually increasing for the two materials 

6 3 4
SF ,Si N and increases dramatically at the 

wavelength 1.5 m   for the silica material. In 

the case 1
0.4a m , only the gradual increase 

remains for material 
3 4

Si N , and sudden increases 

occur in the case of the other two materials at 

wavelengths 1.3 ,1.8m m  , respectively. The 

above behaviors of the spot of the fundamental 

mode are caused by the relationship between the 

refractive indices of materials and air at different 

wavelengths, as the material 
3 4

Si N  did not 

undergo sudden changes because it has the largest 

refractive index. Generally, before sudden changes 

occur, a smaller value of 
1

a  gives a larger spot size 

for different wavelengths.  

 

 

Fig.2.The effective refractive index as a function of wavelengthusing different materials for 
1

(0.2,0.3,0.4)a m  
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Fig.3.The effective mode area as a function of wavelength using different materials for 
1

(0.2,0.3,0.4)a m  

For all cases, the effective area is as large as 

possible for material 
6

SF  and least for silica. Since 

the coefficient of nonlinearity is inversely 

proportional to the effective area, Fig.(4) shows the 

gradual decreasing of the coefficient of nonlinearity 

with the increase in wavelength and the sudden 

changes that we referred to above at some 

wavelengths. The largest values of nonlinearity are 

obtained using material 
3 4

Si N  and the lowest for 

silica for all cases. A high nonlinearity parameter is 

useful in many applications. 

 

 

Fig.4.The nonlinearity parameter as a function of wavelengthusing different materials for 
1

(0.2,0.3,0.4)a m  

 

Fig.(5) and (6) obtain the dispersion and second 

order GVD as functions of wavelength using three 

fiber background materials and three values of 1
a . 

All cases have two point of zero dispersion 

wavelength around 1.5 m  . Therefore, all 

cases achieve an anomalous dispersion regime 

2
( 0, 0)D    around 1.5 m   and a 

normal dispersion regime 2
( 0, 0)D    for 

other wavelengths. The wavelength range that 

achieves an anomalous dispersion regime varies 

from one material to another and varies according 

to the values of 1
a . Changing 1

a  will cause a large 

change in the dispersion curve for silica, but 

changing it for other materials does not cause 

significant changes. The zero-dispersion 

wavelengths are useful in optical communications 

and other applications. 

 

 

Fig.5.The dispersion as a function of wavelength using different materials for 
1

(0.2,0.3,0.4)a m  
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Fig.6.The second order GVD as a function of wavelengthusing different materials for 
1

(0.2,0.3,0.4)a m  

 

Figs.(7) to (9) explain the third, forth and fifth 

orders of GVD as functions of wavelength using 

three fiber background materials and three values 

of 1
a . Change 1

a  causes large changes in 

3 4 5
, ,   values for silica and small changes for 

other materials. In general, changing the type of 

material causes a large change in the curves.There 

are one or two wavelengths in which the 

coefficients 3 4 5
, ,    are zero. We can deduce 

higher orders GVD which are important in the 

supercontinuum generation phenomenon. 

 

 

Fig.7.The third order GVD as a function of wavelengthusing different materials for 
1

(0.2,0.3,0.4)a m  

 

 

Fig.8.The fourth order GVD as a function of wavelengthusing different materials for 
1

(0.2,0.3,0.4)a m  
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Fig.9.The fifth order GVD as a function of wavelengthusing different materials for 
1

(0.2,0.3,0.4)a m  

 

Conclusions 

As a conclusion, different materials exhibit different 

nonlinearity and dispersion properties. The type of 

material used and the wavelength may cause 

sudden changes in the nonlinearity of the two 

materials 
2 6

SiO  and SF . The achieved dispersion 

depends strongly on 1
a especially for silica. The 

diversity of dispersion achieved in silica material is 

the best. For all GVD orders, silica shows obvious 

changes due to 1
a  value. Controlling the type of 

material and the 1
a enables us to realize an 

anomalous or normal regime. 
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